A theoretical study to elucidate the mechanistic aspects involved in the tosylation-cyclization reaction of diastereomeric phytosphingosines 1a-1d to jaspines 4a-4d is presented. The stereochemistry of the starting stereoisomers is crucial for the development of weak interactions, both in the reactants and in the transition states. The analysis of the energy barriers of each elementary reaction is consistent with the observed reluctance of tosylate 2d to undergo cyclization. In addition, the initial tosylation can be identified as the limiting step in cyclizations from 1a and 1b.
Jaspine B (pachastrissamine) is a cytotoxic marine natural product isolated in 2002 from the sponge Jaspis sp.
[1] The interesting biological properties of this anhydrophytosphingosine has prompted chemists to develop a variety of synthetic methodologies leading to both the natural compound and analogues thereof. [2, 3] In the course of our research on sphingolipid analogues, we reported the total synthesis and cytotoxic properties of natural jaspine B. In the same work, diastereomeric jaspines arising from the formal stereochemical inversion of C3 and/or C4 stereogenic centers of the natural product were also reported ( Figure 1 ). [4] Our synthetic approach relied on the intramolecular one-pot tosylation-cyclization of stereochemically defined N-Boc phytosphingosines 1a-d (Scheme 1). However, the reaction outcome was strongly dependent on the stereochemisty of the starting compounds. Intrigued by this finding, we undertook a theoretical study aimed at deciphering the structural and/or electronic parameters involved in these processes. The results of this research are presented in this work. (Table 1) .
Interestingly, while cyclization took place uneventfully from 1a and 1c, presumably through the participation of transient tosylates 2a and 2c, [5] the same reaction conditions were less efficient from 1b (entry 2), where recovered starting material was the major product, and they totally failed from 1d (entry 4), where tosylate 2d was isolated in acceptable yields (66%). However, tosylate 2d could be cyclized to 4d following an alternative protocol, as described in the literature (K 2 CO 3 , MeOH, 20 h, 0-25ºC) [7] . 
The different yields in the cyclization products 4a-4d (Table 1) led us to investigate the reaction course from the putative intermediate tosylates 2a-2d. To this end, we have carried out a theoretical study considering the elementary reaction leading to the formation of intermediates 3a-3d from 2a-2d. These reactions involve a formal S N 2 process, followed by the subsequent deprotonation of intermediates 3a-3d. The process has been modelled from the corresponding sulfonate surrogates 2'a-2'd, as shown in Scheme 2. For computational purposes, the large C 14 H 29 alkyl side chain, the tosyl group and the bulky Boc group were replaced with the smaller methyl, mesyl and methoxycarbonyl groups, respectively, as these groups are not expected to have a major influence on the particular reactivity observed for the different diastereoisomers considered in this work. The large flexibility of models 2'a-2'd prompted us to consider the most stable conformers for each diastereoisomer. For this reason, a simulated annealing (SA) process to obtain the most stable conformer for each minima and transition state was carried out first. A DFT method with the B3LYP functional to locate and characterize each stationary point was used next. Finally, the solvation effects using the PCM approach were also considered. An energy profile pointing out the relative energy position of the reactants and transition states is shown in Figure 2 , whereas the most relevant geometrical parameters of the most stable conformers of the reactants 2' and the transition states connecting 2' to 3' are plotted in Figure 3 . It is remarkable that the transition states are not generated from the absolute minima, because the most stable minima need not be connected with the lowest transition states. The located transition states are connected with conformations that are above the lowest minima, but in fast equilibrium with them.
The results displayed in Figure 2 and Table 2 show that the computed energy barriers at gas phase (ΔE ‡ gas , Table 2 ) range between 32.2 and 38.8 kcal/mol. However, consideration of the solvation effects diminishes the barrier heights, so that our calculations in solution (ΔG ‡ sol , Table 2 ) predict free energy barriers of 22.4 (for 2'b to 3'b) and 21.3 (for 2'c to 3'c) kcal/mol, a slightly larger energy barrier (24.3 kcal/mol) for the 2'a to 3'a process and a quite larger energy barrier (30.8 kcal/mol) for the 2'd to 3'd process. A detailed analysis of our calculations shows that the computed barrier heights are the result of different effects. Thus, the results displayed in Table 2 and Figure 2A for the gas phase already predict the higher energy barrier (around 6 kcal/mol) for the 2'd-3'd reaction, pointing out the involvement of different internal contributions to the stability of the reactants 2'. A closer look at the geometries of the reactants and transition states (Figure 3) indicates that the spatial arrangement of the substituents for each diastereomer allows the development of different weak interactions on the corresponding stationary points, which play a fundamental role in their relative stabilization. Thus, for instance, reactants 2'a, 2'b and 2'd show a hydrogen bond between C4(OH) and the carbamate CO carbonyl, whereas in 2'c a hydrogen bond between C3(OH) and C4(OH) is observed. Since OH-OH hydrogen bonds are weaker than OH-O=C bonds [8] 2'c is destabilized by about 3 kcal/mol with respect to the remaining reactants (see Figure 2a ). ΔE ‡ gas is the potential energy barrier in gas phase; ΔG ‡ sol is the free energy barrier in solution;. ΔΔG M is the free energy difference between compounds 2'and 2'a in solution; ΔΔG TS-TS is the free energy difference between all the transition states with respect to the transition state for 2'a-3'a in solution; k is the unimolecular rate constant (in s -1 ) computed at 298K and  is the reaction time (in h).
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Regarding the transition states, all of them have similar energies at the gas phase. Thus, TS2'c-3'c is destabilized by less than 1.0 kcal/mol with respect to TS2'a-3'a ( Figure 2A ). This is in agreement with their geometry, where two hydrogen bond interactions can be observed in each case (SO···HN and OH···O=C for TS2'a-3'a; TS2'b-3'b and TS2'c-3'c and SO···HN and OH···N for TS2'd-3'd), see Figure 3 . Consequently, all transition states are similarly stabilized as a result of the hydrogen bond interactions. Finally, the results displayed in Table 2 and Figure 2B show that the contribution of the solute-solvent electrostatic interactions in the solvation model adds more bias to the relative energetic position of the different stationary points. Thus, for instance, the ΔΔG M values from Table 2 show that 2'c is destabilized by 2.6 kcal/mol with respect to 2'a, but 2'd is stabilized by 2.4 kcal/mol with respect to 2'a, whereas the ΔΔG TS-TS shows that the TS 2'd-3'd is destabilized by 4.1 kcal/mol with respect to TS 2'a-3'a . As a result of all differential effects occurring in the gas phase and in solution, there is a difference of 9.5 kcal/mol (30.8-21.3 kcal/mol, see Table 2 ) in the computed free energy barriers between the most favourable (2'c-3'c) and the most unfavourable (2'd-3'd) processes.
The computed free energy barriers displayed in Table 2 allowed us to estimate the corresponding rate constants (k v ) and, consequently, the reaction times (τ) by application of conventional transition state theory (equation 1)
(1)
where ΔG ‡ is the free energy difference of the reactants and the transition state, k b , h and R are the Boltzmann, Planck, and universal gas constants, and T is the temperature. The corresponding results are also displayed in Table 2 and suggest that one would expect a fast formation of compounds 4b and 4c, a slower formation of compound 4a, and an almost insignificant formation of compound 4d from their corresponding intermediate tosylates 2a-2d. This is consistent with the experimental observations displayed in Table 1 for 4a and 4c, which are formed in acceptable yields, and also for 4d, whose formation was not observed at the expense of tosylate 2d, which became the major reaction product from 1d (Table 1 , entry 4). Since these results are not consistent with the small amounts of 4b (see Table 1 ), we have also taken into account the different yields in the cyclization products in an attempt to clarify this discrepancy. Thus, unreacted starting material 1 was recovered in all cases, with the exception of 1c (Table 1, entry 3) . However, reaction from 1b (entry 2) was especially relevant, since the starting material was the major product and the corresponding jaspine diastereomer 4b was obtained in low yield, despite the expected high cyclization rate predicted by our calculations ( Table 2 , entry 2). This result can be rationalized by assuming that tosylation is the rate limiting step from 1b, which prevents the formation of 2b and the subsequent cyclization process. The same holds true for 1a, where a small amount of starting material was recovered with no trace of intermediate tosylate 2a (Table 1 , entry 1), despite the calculated lower rate constant for the 2a→3a cyclization step ( Table  2 , entry 1). These results point out the dramatic effect of the tosylation step in this one-pot two-step cyclization. A full clarification of this point would require a further theoretical study on the tosylation of 1, which is beyond the scope of the present work. The continuum solvation models used in the present work can describe neither the explicit participation of solvent molecules that are presumably involved in the toluensulfonate esterification, nor the pH-effects in a reaction where HCl is produced.
In summary, we have performed a joint experimental and theoretical study aiming at elucidating the mechanistic aspects of the cyclization step in the formation of the N-Boc jaspines 4a-4d. The calculations show that the stereochemistry of the different stereoisomers on the starting triols 1a-1d is crucial for the development of weak interactions, such as hydrogen bonds and/or solute-solvent effects, both in the reactants and in the transition states. These interactions play an important role in the height of the energy barriers of each elementary reaction and satisfactorily explain the reluctance of intermediate tosylate 2d to undergo cyclization to jaspine 4d. In addition, by combination of experimental and theoretical results, the initial tosylation can be identified as the limiting step in cyclizations from 1a and 1b.
Computational details:
To obtain the lowest conformer of each transition state, we began by locating a conformer of the transition state of each diastereoisomers employing the B3LYP functional.
The simulated annealing (SA) cycles were made with the RM1 semi-empirical Hamiltonian 10. SA cycles were performed consisting of 200ps of heating time from 0 to 2500K, followed by 100ps of cooling to 100K and a final conjugate gradient optimization. For the sake of completeness, when the lowest conformation for each of the diastereomers was found, the equivalent diastereomeric conformation was modelled by hand and optimized following the described procedure in order to ensure that it had not been missed by the SA. In all cases the resulting conformation had larger energy than the one found by the SA, proving that the SA cycle was long enough. The search for transition states follows a similar procedure. First, a transition state for the reaction from 3 to 4 was located with B3LYP/6-31G(d).
Then, for each of the molecules 4a-4d a series of SA was performed analogous to the that previously described, but including an harmonic constrain (2500 kJ/A 2 ) to restrain the bonds that were being formed and cleaved. Finally, these structures were used as initial guesses to optimize the geometry of the transition state with B3LYP/6-31G(d) without constraints in the gas-phase. The final energies were obtained by performing single point energy calculations at the optimized geometries, at the B3LYP/6-311+G(2df,2p) level of theory. The energy in solution was obtained from single point energy calculations with the polarized continuum method (PCM) approach. The SA and the DFT calculations were performed with the Dynamo library [9] and Gaussian 03 program, [10] , respectively. The bonding features have been analyzed by using the atoms in molecules (AIM) theory by Bader [11] with the AIMPAC program. [ 
